The phylogenetic relationships among the three orders of modern amphibians (Caudata, Gymnophiona, and Anura) have been estimated based on both morphological and molecular evidence. Most morphological and paleontological studies of living and fossil amphibians support the hypothesis that salamanders and frogs are sister lineages (the Batrachia hypothesis) and that caecilians are more distantly related. Previous interpretations of molecular data based on nuclear and mitochondrial rRNA sequences suggested that salamanders and caecilians are sister groups to the exclusion of frogs. In an attempt to resolve this apparent conflict, the complete mitochondrial genomes of a salamander (Mertensiella luschani) and a caecilian (Typhlonectes natans) were determined (16,656 and 17,005 bp, respectively) and compared with previously published sequences from a frog (Xenopus laevis) and several other groups of vertebrates. Phylogenetic analyses of the mitochondrial data supported with high bootstrap values the monophyly of living amphibians with respect to other living groups of tetrapods, and a sister group relationship of salamanders and frogs. The lack of phylogenetically informative sites in the previous rRNA data sets (because of its shorter size and higher among-site rate variation) likely explains the discrepancy between our results and those based on previous molecular data. Strong support of the Batrachia hypothesis from both molecule-and morphology-based studies provides a robust phylogenetic framework that will be helpful to comparative studies among the three living orders of amphibians and will permit better understanding of the considerably divergent vertebral, brain, and digit developmental patterns found in frogs and salamanders.
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Lissamphibia ͉ Caudata ͉ Gymnophiona ͉ Anura ͉ mtDNA L iving amphibians (Lissamphibia) are highly successful tetrapods that evolved diverse body plans that differ in modes of locomotion, reproductive specializations, and life histories (1, 2) . For instance, the slender body of living salamanders (Caudata) has a well developed tail and proportionally paired limbs, whereas modern caecilians (Gymnophiona) are completely limbless, and are adapted to a fossorial lifestyle, with elongated bodies, protrusible tentacles, and reduced eyes. Extant frogs (Anura) lack tails, and evolved powerful hind limbs and a shortened, stiffened vertebral column (the urostyle)-a unique adaptation for jumping. The earliest fossils currently known of salamanders (Marmorerpeton; ref. , and demonstrate that all three lineages of extant amphibians acquired their peculiar body plan early on in their evolutionary history. The diversity among amphibians coupled with the lack of shared derived characters plus a poor fossil record complicate assessment of the phylogenetic relationships among the three living orders.
Early workers on amphibian systematics repeatedly rejected the monophyly of Lissamphibia by proposing independent origins of the living orders of modern amphibians (see ref. 7 for a review). However, these studies failed to distinguish between ancestral and derived characters and did not employ any explicit phylogenetic methodology. Szarski (8) and Parsons and Williams (9) integrated previous morphological and paleontological evidence, and concluded that the Lissamphibia were a natural group. The monophyly of Lissamphibia has since gained wide acceptance among researchers (refs. 1 and 10-16; Fig. 1 a-c) . A noteworthy exception is Carroll (17) (18) (19) (20) (21) , who suggests that Lissamphibia are nonmonophyletic because he believes that salamanders and caecilians have affinities with different lineages of microsauria (an extinct group of Lepospondyl amphibians), whereas frogs are related to another extinct group, the temnospondyl amphibians (Fig. 1d) .
Although monophyly of the Lissamphibia is widely accepted, it is still controversial whether the extinct temnospondyls (Fig.  1a) or the lepospondyls (Fig. 1b) are the closest sister group of Lissamphibia. Moreover, there is no generally accepted consensus regarding the phylogenetic relationships among salamanders, caecilians, and frogs. There are three alternative hypotheses to explain such relationships. (i) Salamanders are the closest living relatives of frogs (and form the clade Batrachia) to the exclusion of caecilians. This hypothesis is the most favored by morphological evidence (refs. 1, 10, 11, and 13; Fig. 1 a and b) . This hypothesis has also been suggested recently, based on the phylogenetic analysis of mitochondrial rRNA sequence data, albeit only tentatively (22) . (ii) Salamanders are the sister group of caecilians to the exclusion of frogs. Most previous molecular studies support this hypothesis (based on both nuclear and mitochondrial rRNA data) (refs. 15 and 23-26; Fig. 1e ). There is also morphological evidence supporting this hypothesis [ref.
12; this topology is also recovered in the analysis of Laurin (16) , but he suggests that it may be a spurious result; Fig. 1c ]. (iii) Frogs are the sister group of caecilians to the exclusion of salamanders. This hypothesis has apparently never been proposed in print.
To address the questions regarding the monophyly of Lissamphibia with respect to other living groups of tetrapods and the phylogenetic relationships among the three orders of living amphibians (Caudata, Gymnophiona, and Anura) we have sequenced the entire mitochondrial genomes of a salamander (Mertensiella luschani) (R.Z., E. Malaga-Trillo, M. Veith, M. Garcia-Paris, and A.M., unpublished data) and a caecilian (Typhlonectes natans) (22) . By analyzing these mitochondrial genomes together with previously published mitochondrial sequence data of a frog (Xenopus laevis) (27) and other selected tetrapods, we provide the most comprehensive molecular data set to date that bears on this question.
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of tetrapods were analyzed (GenBank accession nos. for African lungfish, Protopterus dolloi, L42813; coelacanth, Latimeria chalumnae, U82228; clawed frog, Xenopus laevis, M10217; caecilian, Typhlonectes natans, AF154051; Lusehan's salamander, Mertensiella luschani, AF154053; skink, Eumeces egregius, AB016606; painted turtle, Chrysemys picta, AF069423; alligator, Alligator mississippiensis, Y13113; chicken, Gallus gallus, X52392; opossum, Didelphis virginiana, Z29573; blue whale, Balaenoptera musculus, X72204; human, Homo sapiens, D38112). Tetrapod mtDNAs were selected so that their molecular evolutionary rates were not statistically different and so that long-branch attraction effects could be avoided (e.g., the snake mtDNA shows an unusually accelerated evolutionary rate and was omitted; ref. 28) . Nucleotide sequences were aligned by using CLUSTAL X (29) and refined by eye. Gaps resulting from the alignment were treated as missing data. Ambiguous alignments, mainly in 5Ј and 3Ј ends of protein coding genes in the DHU and TC arms of the tRNAs and in several highly variable regions of the rRNA genes were excluded from the phylogenetic analyses. Maximum parsimony (MP) analyses were performed by using heuristic searches [tree bisection and reconnection (TBR) branch swapping; multiple trees (MULTREE) option in effect] with 10 random stepwise additions of taxa. Transitions (Ti) and transversions (Tv) were given equal weight according to the empirical Ti:Tv ratio (1:1). The neighbor-joining (NJ) (30) analysis of the alignment was based on an HKY85 (31) distance matrix. In the maximum likelihood (ML) analyses [Hasegawa, Kishino, Yano (HKY)85 model], Ti:Tv ratios were optimized to maximize the likelihood analysis; empirical base frequencies were used. Robustness of the phylogenetic results was tested either by bootstrap analyses (32) with 500 pseudoreplications (MP and NJ) or by the quartet puzzling method (33) with 1,000 puzzling steps (ML). All phylogenetic analyses were performed by using PAUP* Version 4.0b4a (34) .
Results and Discussion
Complete Mitochondrial DNA Evidence Supports the Batrachia Hypothesis. Mitochondrial protein-coding, tRNA, and rRNA gene sequences were combined into a single data set that produced an alignment of 15,686 positions; of those positions, 2,635 were excluded because of ambiguity, 4,825 were constant, and 6,472 were parsimony-informative. All three commonly used methods of phylogenetic inference (MP, NJ, and ML) arrived at the same tree topology (Fig. 2) . This fully resolved tree supports the monophyly of living amphibians with respect to other living tetrapods (1, (8) (9) (10) (11) (12) (13) (14) (15) (16) and favors a sister group relationship for salamanders and frogs (the Batrachia hypothesis; refs. 1, 10, 11, 13, and 22). Robustness of our results was confirmed by high bootstrap support of all nodes in the tree (Fig. 2) . This result contradicts the hypothesis of a salamander ϩ caecilian grouping (12) that was suggested by previous molecular work based on rRNA data sets (15, 23, 24, 26) .
Several recent studies have pointed out the risk of recovering misleading phylogenetic relationships among distantly related taxa when only short sequence data sets are analyzed (35) (36) (37) (38) . Larger or relatively heterogenous data sets, i.e., complete mitochondrial genomes with many phylogenetically informative sites, are required to confidently resolve most questions dealing with major phylogenetic events (35) (36) (37) (38) . Our results would seem to support the conclusions of these studies.
Interestingly, morphology-and molecule-based studies have disagreed profoundly regarding extant amphibian relationships. Most morphological studies have consistently concluded that salamanders and frogs are sister groups (1, 10, 11, 13), whereas molecular studies based on nuclear and mitochondrial rRNA data have supported caecilians as the sister taxon of salamanders (15, 23, 24, 26) . Our analyses based on complete mitochondrial sequence data may contribute to a resolution of the apparent conflict between morphological and molecular evidence. In agreement with previous morphology-based hypotheses, our molecular data overwhelmingly support monophyly of living amphibians and the hypothesis that salamanders and frogs are more closely related to each other than to caecilians (Fig. 2) . There are several reasons why we believe that our extensive molecular data set may be more reliable than the smaller rRNA data sets on this question. It is well known that rRNA data sets show a high degree of among-site rate variation, and consequently, few sites are phylogenetically informative at any given level of divergence (39) . This pattern can lead to the recovery of spurious phylogenies based on homoplasious rather than phylogenetically informative sites, and likely explains why previous molecular studies based on rRNA data were prone to recover a salamander ϩ caecilian clade. In fact, a recent reanalysis of the mitochondrial rRNA evidence was able to moderately support a salamander ϩ frog sister group relationship (22) .
Identity of the Sister Group of Lissamphibia Can Be Gleaned Only from
Paleontological Data. Of course, molecular data cannot directly assess the monophyly of Lissamphibia because it also includes fossil groups. However, as indicated by our molecular data (Fig. 2) , a sister group relationship between salamanders and frogs can indirectly reject those hypotheses based on morphological and paleontological data that suggest nonmonophyly of living amphibians because of an independent origin of salamanders (refs. 18-21; Fig.  1d) . Moreover, the monophyly of living amphibians with respect to living amniotes (Fig. 2) can indirectly reject those hypotheses that relate caecilians and salamanders to microsaurs, and they suggest a closer relationship of the latter to amniota rather than to Temnospondyli ( refs. 17-21; Fig. 1d ). In this regard, the molecular phylogeny presented further supports the hypothesis that lissamphibians (including fossil groups) constitute a single clade with respect to extinct amphibian groups.
Unfortunately, molecular data cannot provide information on the question of the closest extinct relative of the Lissamphibia. Only paleontological evidence can determine whether the extinct Temnospondyli (e.g., refs. 13 and 40) or the Lepospondyli (14, 16, 20) are the closest sister group to modern amphibians (but see below). . The use of the closest living relative as outgroup is relevant both in morphological (because it could directly affect the polarity of several characters) and molecular (e.g., because it could prevent the attraction of long branches to basal positions) studies. Moreover, our results have implications for the decision to choose between alternative positions of several fossil taxa that are closely related to the origin of the three lineages of living amphibians. For instance, the recent placement of the albanerpetontids (a group of salamander-like fossil amphibians) as sister group of the Batrachia (43) is supported by the molecular phylogeny (a putative caecilian ϩ salamander clade would have contradicted it). Furthermore, by providing an independent source of phylogenetic information, our results confirm the authenticity of some of the putative morphological synapomorphies (up to nine unique shared-derived characters; see ref. 13 ) that diagnose the Batrachia, and might encourage the search for new sharedderived traits between salamanders and frogs. Moreover, our results invite further research on the causes of the now seemingly homoplasious characters that group caecilians with salamanders.
Congruent Molecular and Morphological Evidence Provides a Robust
The geographic argument based on the current world distribution of amphibians and rRNA evidence that salamanders and caecilians originated from a common ancestor because of the breakup of the supercontinent Pangea (15) is invalidated by our data. Furthermore, the recent discovery of Czatkobatrachus from the early Triassic of Poland (44) suggests that, at least, Salientia (the stem-group of anurans) occurred in all of Pangea (Triadobatrachus is from early Triassic of Madagascar; ref. 45) , and that the separation of salamanders and frogs predated the breakup of Pangea.
Our results will also be helpful in polarizing the divergent developmental patterns exhibited by Caudata, Anura, and Gymnophiona (46, 47) . For instance, vertebral development in frogs is interpreted as being rather similar to that inferred for Temnospondyli (21) , which may represent the primitive condition for all tetrapods. However, the pattern of vertebral centra ossification in salamanders (48) and caecilians (49) is more similar to that inferred for Lepospondyli (representing a derived condition). If lissamphibians evolved from lepospondyls (14, 16) , and accepting that salamanders and frogs are sister group taxa, the most parsimonious explanation to the observed patterns is that the type of vertebral development in salamanders and caecilians is primitive for lissamphibians, and that the ancestor of frogs reelaborated the developmental pattern found in the extinct temnospondyls (this pattern may be a constraint associated with metamorphosis in frogs; ref. 21) . Alternatively, whether temnospondyls are the sister group of modern amphibians, the early ossification of vertebral centra evolved independently in caecilians and salamanders, whereas frogs would have retained the primitive condition of all tetrapods.
Brain development of frogs and salamanders differs considerably. The brains of frogs are morphologically much more complex than those of salamanders (50) . On the other hand, salamanders and caecilians show similarity in many features of brain development (51) . These patterns seemingly would contradict the Batrachia hypothesis. However, the simple brain morphology of salamanders may be a secondarily derived condition associated with an increase in genome, cell size, and pedomorphic evolution (51, 52) . Our phylogeny supports this hypothesis of a secondary simplification in salamanders.
The three orders of living amphibians differ markedly in their limb morphologies (6) . By providing a robust phylogenetic framework, our results may also aid in polarizing the divergent limb development patterns found in amphibians (53) . For instance, frogs and salamanders follow divergent pathways of digital formation (e.g., refs. 46 and 54). Frogs develop their digits in a posterior to anterior sequence (55) . However, salamanders show the opposite pattern (46) . Based on strict ontogenetic criteria, these patterns were used in the past as evidence of amphibian (and tetrapod) polyphyly (e.g., ref. 56; see ref. 47 for a review). Yet, based on the robust and congruent morphological and molecular evidence that supports the Batrachia hypothesis, the interpretation of these developmental patterns would need to be quite different. Digit formation in frogs is considered to be the ancestral condition for all tetrapods, whereas the salamander pattern represents a derived condition (46, 55, 57, 58) . Recent molecular developmental studies demonstrate that expression patterns of Hoxa-11 in the limb buds of frogs are similar to those found in amniota (59) , whereas salamanders show a derived pattern.
The interpretation of many comparative studies among the three orders of living amphibians largely depends on whether the salamanders are the closest living relative of frogs or the living sister group of caecilians (60) . In contrast to previous molecular analyses based on nuclear and mitochondrial rRNA data, our results, based on the analysis of complete mitochondrial genome data, support the Batrachia (salamander ϩ frog) hypothesis and are thereby in agreement with most morphological evidence. Our analyses demonstrate that some phylogenetic controversies between morphology and molecules that exist in the literature are only apparent rather than real and frequently caused by a lack of phylogenetically informative characters in one of the two (morphological or molecular) relatively small data sets analyzed. General support of the Batrachia hypothesis allows a confident polarization of characters in many comparative studies that explore the astonishing biological diversity within and among extant orders of amphibians.
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